This paper presents the ultrawideband filters for UWB fullband (range of 3.1-10.6 GHz) applications. This filter consists of ring filter for wide-bandwidth and coupled line structure for suppressing unwanted passband in upper and lower stopbands. Especially, the filter structure was realized on silicon substrate using thin film technology, adequate for wafer level packaging, which can be integrated with CMOS UWB chipset that is currently on development. To minimize the dimension of the filter, the Hilbert structure was applied in ring filter and the meander shaped broadside coupled structure was also adopted in the coupled line structure. The size of the fully realized filter structure is 4.4 × 3.6 mm 2 . The insertion loss in passband is 1.5 dB and the return loss is larger than 15 dB, respectively. The group delay in center frequency is 0.2 ns and the group delay variation is less than 0.15 ns.
Introduction
The U.S. Federal Communications Commission (FCC) approved the unlicensed use of ultra-wideband (UWB) (range of 3.1-10.6 GHz) for commercial purposes in 2002 [1] . The chip-set for lowband (range of 3.1-4.8 GHz) application has already been developed and UWB system for lowband has been evaluated by many companies. But the chip-set for full-band (range of 3.1-10.6 GHz) is on its developing stage. Therefore, various researches on the filters for lowband application have already been preceded [2] , [3] , and tremendous interests on fullband filters have attracted researchers to meet the requirement of UWB frequency mask (3.1-10.6 GHz). Ishida and Araki has designed an UWB filter with 83% relative bandwidth using a dual-mode ring resonator utilizing open-circuited stub [4] . Due to the innate nature of the dual-band operation, the filter exhibits poor performance at the higher and lower frequency ends outside the band, but good insertion loss in the passband [5] . In [6] BPF with a fractional bandwidth of about 100%. The filter was designed using a combination of lowpass filter with conventional stub highpass filter. However, the filter lacked selectivity or sharpness at the lower frequency. Very recently, the works of [7] and [8] presented improved response of multiple-mode resonator (MMR) based filters with good out-of band rejection skirts. However, the demand for a filter with both excellent performance and compact size, which is indispensable for future wireless applications and technologies, has not yet been satisfied by the developed filters mentioned above.
In this work, the novel filter structure with compact size for UWB fullband application is suggested. This filter consists of ring filter with stub and coupled line structure, which give wider rejection band in upper and lower frequency regions. The suggested filter was evaluated on Si substrate by the thin film technology, so that it can be integrated with the fullband chipset which is being developed using BEOL (Back end of the line) process.
UWB Filter Design

Ring Filter Design
The basic schematic used in this work is shown in Fig. 1 which was suggested by Ishida et al. in [4] . This circuit consists of a ring with the length of λg and an open ended stub with the length of λg/4. The characteristic impedance of ring (Z 0,R ) is 50 Ω for impedance matching and that of open stub (Z 0,S ) is 5 Ω for wideband evaluation. The relation between impedance and position of transmission zeros are presented in the following equation, which was suggested in [4] . (
According to this equation, two transmission zeros are placed at 2.3 GHz and 10.7 GHz as shown in Fig. 2 respectively.
The response of the ring filter shows unwanted passband in the upper and lower region of the stopband, which should be suppressed to meet FCC mask. Also, the dimension of ring is quite large when adapting low dielectric constant material. In this work, new structure including the stripline stub was suggested for minimizing the dimension of ring filter.
Coupled Line Filter Design
As mentioned before, ring filter does not fulfill the requirements of the FCC mask due to the unwanted passbands. To suppress the superfluous, a coupled line structure is suggested as shown in Fig. 3 . The coupled line structure of λg/4 length with two open-ends make the transmission zero at DC and 2 f o regardless of the impedance of coupled line, that is, in case of f o =6.5 GHz two transmission zeros are place at DC and 13 GHz as shown in Fig. 4 [9] . The impedances of even mode (Z 0,e ) and odd mode (Z 0,o ) is set as 137 Ω and 36 Ω, respectively, to get good impedance matching.
The final circuit used in this work is composed of the ring filter and two coupled line structures as shown in Fig. 5 . The ideal response of the final circuit shows flat, wide passband from 3.1 to 10.6 GHz and the effectively suppressed unwanted passbands in upper and lower stopbands as presented in Fig. 6 . Also the rejection in the vicinity of the passband in ring filter is improved in full structure due to the rejection that occurs twice by ring filter and coupled line filter. Figure 7 shows the cross section of thin film substrate used for the evaluation of the suggested filter circuit. It consists of a lossy silicon substrate, two benzocyclobutene (BCB) layers, three metal layers and silicon bumps for power and heat handling. Due to the fact that the suggested filter was evaluated on silicon substrate using thin film technology, this can be integrated with the UWB fullband chipset using CMOS technology. Especially, by adapting the ground bumps, the connections from top layer to ground plane were realized effectively without high aspect ratio vias. In the UWB system evaluation, chipset can be attached on ground bump by BGA (Ball Grid Array) or flip-chip technology. The gold metal that is adequate for bonding process was used for the filter structure evaluation. 
Fabrication
Thin Film Technology on Si Substrate
Structure Evaluation & Measurement
Ring Filter Response
The ring filter structure based on ring circuit is shown in Fig. 8 . In a way to reducing the dimension of ring filter Hilbert shape, which is originated from antenna, [10] was applied. In the case of applying original ring shape, the area of 7.7 × 7.7 mm 2 is need while only 3.1 × 1.8 mm 2 (90% decrease) is needed for Hilbert structure.
The width of the microstrip line was 77 µm for 50 Ω and the space between lines was set at the minimum values (120 µm) for size reduction in the condition of making the coupling between lines below 30 dB for avoiding unexpected distortion.
As for the stub evaluation, the stripline structure was used to minimize the length of stub by maximizing the effective dielectric constant of structure as shown in Fig. 8 . The width of the stripline is 400 µm for 5 Ω. The simulated and measured response of ring filter only is shown in Fig. 9. 
Coupled Line Filter Response
The coupled line structure with two open ends was evaluated in silicon substrate as shown in Fig. 10 . To minimize the dimension of coupled line structure, the meander shaped broadside coupled line was adopted. The width of the each line is 60 µm and the thickness of the BCB layer between coupled lines is 5 µm for realizing Z 0,e =137 Ω and Z 0,o =36 Ω. The simulated and measured response of the coupled line structure only is shown in Fig. 11. 
Full Structure Response
The result of full structure including ring filter, coupled line structure, and its response are shown in Fig. 12, Fig. 13 , respectively. As mentioned above, two broadside coupled line structures is connected at both sides of the ring filter to achieve wider rejection band which can be proven by comparing Fig. 9 , the response of ring filter only, and Fig. 13 , the full filter response. The full filter has two transmission zeros (a, b in Fig. 13 ), owing to the stripline stub connected to the ring filter, and two additional transmission zeros (c, d in But, the rejection in the vicinity of the passband did not show much improvement, different from the result in ideal circuit response. This was caused from the upper transmission zero of coupled line filter which is placed at 16 GHz higher than ideal circuit (13 GHz). As result, the coupled line filter indicated no effect on the selectivity of the filter. The insertion loss in passband is 1.5 dB and the return loss is larger than 15 dB. The group delay at center frequency is 0.2 ns and the variation of group delay in passband is below 0.15 ns respectively.
The actual shape of fabricated filter is shown in Fig. 14 compared with the original ring shape. The resulting size is 4.4 × 3.6 mm 2 . And finally, the effect of the stub length was examined as shown in Fig. 15 . As the length of the stripline stub increases, the two transmission zeros, due to stub, move down simultaneously without large change of the bandwidth. As result, exact frequency is achieved to meet the requirement for realizing FCC mask by adjusting the stub length.
Conclusions
A band pass filter for UWB fullband application was suggested and evaluated on silicon substrate using thin film technology adequate for wafer level packaging. As result, the suggested filter is suitable for being integrated with CMOS UWB chipset.
This filter is based on the ring filter in which the coupled line structure is added to suppress the unwanted passband in upper and lower stopbands region to achieve wider stopband. In the structure evaluation, Hilbert pattern is applied for minimizing the ring filter and meander shaped broadside coupled lines structure is adopted for decreasing the dimension of the coupled line structure. The resulting size of fully evaluated filter structure is 4.4 × 3.6 mm 2 . The insertion loss in passband is 1.5 dB and the return loss is larger than 15 dB. The group delay at center frequency is 0.2 ns and the variation of group delay in passband is below 0.15 ns.
